A high rate of single cell necrosis is a common phenomenon in neoplastic and preneoplastic lesions, accounting for growth rates that are significantly less than the cell birth rate. We present data relating the process of protein turnover to single cell necrosis. Cells were labeled with 'H-leucine and "C-thymidine; the loss of radioactivity from the cell protein and DNA was then measured for 3-6 days. Preliminary experiments showed that cell necrosis by freeze-thawing cells did not significantly contribute to the degradation of cell proteins. Similar results were observed with dying 3T3-SV40 cells at high density. L-cells, however, showed a progressive increase in cell loss as higher cell densities were attained on the monolayer. Although proteolysis remained constant in the culture, analysis of the cells recovered from the high density monolayers showed little loss of labeled protein after adjustment for loss of label in the DNA. Three possible explanations are proposed: (1) DNA turns over with cell protein (unlikely), (2) single cell necrosis involves a special mechanism that facilitates reutilization of amino acids, or (3) single cell necrosis includes only cells that are selectively involved in protein turnover. A unique relationship between single cell necrosis and proteolysis is suggested.
INTRODUCTION
Since in most growing neoplasms the rate of cell birth significantly exceeds the growth rate, cell turnover must play a major role in determining the growth rate of tumors. High rates of cell turnover have also been reported in preneoplastic lesions (9, 10, 14) . Although as many as 90% of new cells in a neoplasm may be selected for cell death rather than proliferation, we know little about the factors that determine how most new cells in such tumors are selected for cell death.
At the onset we distinguish between two types of cell death, defined in operational terms. The first and easiest to characterize is the non-selective massive necrosis (NMN) frequently observed in rapidly growing tumors, usually attributed to proliferation of the tumor cells beyond the induced vascular supply. Masses of adjacent necrotic tumor cells can be observed microscopically, often extending to large macroscopic necrotic zones.
A second process, far less dramatic in appearance, appears to effect most of the on-going cell turnover in neoplastic and preneoplastic growths. Depending on the morphologic appearance, different workers have named this process apoptosis, cytolysis, programmed cell death, single cell necrosis, or selective cell necrosis (SCN). In general, all these terms refer to a loss of single, isolated cells within the tumor mass. Unlike NMN, it is a regulated process, selecting cells in what appears to be a random, but controlled way to effect a series of energy-requiring changes within the cell before culminating in cell death (25) . The process in many instances appears to involve mechanisms that degrade the cellular macromolecules into constituent units. Although SCN serves to decrease the growth rate, the tumor, through an active process of macromolecular degradation and new synthesis, may be able to effectively reutilize the molecular subunits.
In this study we have examined the relationship between protein degradation for cells in culture and the different types ofcell death described above. The results support the hypothesis that SCN is uniquely involved with a proteolytic state that is either a precursor state of SCN or that provides a mechanism that facilitates reutilization of amino acids.
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' AMENTAETAL TOXICOLOGIC PATHOLOGY trogen. Cells were thawed and subcultured in Eagle's minimum essential medium with 10% ( v h ) fetal calf serum (growth medium) until consistent and reproducible growth was maintained. Cells were then placed in medium containing radioactive leucine (L-[4,5-) H] or L-[ 1-14C]) and thymidine ([6-'H] or [2-I4C]) for 4 to 6 days. By this labeling protocol, growing cells attained a constant specific activity limited by the specific activity of the added precursor (limit labeling). All cultures were placed in a non-labeled chase medium containing 4 mhi leucine, and, in some experiments, 4 mhi thymidine, for 24 hours before starting the assays to clear both free labeled precursors and the radioactivity in labile fast turnover pools. At zero time, all cultures were rinsed three times with cold phosphate-buffered saline and placed in fresh chase medium.
At the indicated intervals, radioactivities in both medium and cells were determined. Aliquots of medium were placed in counting vials and digested in Hyamine hydroxide (New England Nuclear) at 50°C for 18 hr. Ten ml of scintillation fluid (ACS, Amersham) was added and the clear solutions were counted using a dual-label counting program (22). To assay medium acid-soluble radioactivity, an aliquot of medium was precipitated with an equal volume of 16% cold trichloroacetic acid, the clear supernatant was transferred to a counting vial containing 10 ml of scintillation fluid, and was counted as described for the total medium radioactivity. To assay the total cell radioactivity, the cell monolayer was rinsed twice with cold phosphate-buffered saline, then the cell monolayer was recovered either in 0.3 N NaOH or water. In each case, the dish was washed twice with the same liquid. To ensure complete recovery by the procedure using water alone, 0.3 N NaOH was added to the dish, incubated at room temperature overnight, and the radioactivity recovered in the NaOH was determined. Approximately 10% additional radioactivity was recovered in the final NaOH wash (22,23). The cell suspension was sonicated and an aliquot assayed for total radioactivity by the method described above for the total radioactivity in the medium. For cell acidsoluble radioactivity, a portion of the sonicated cell material was treated as above for the medium acidsoluble radioactivity.
Labeled thymidine is susceptible to decomposition, the products of which can be incorporated into compounds other than DNA (24). Additionally, the possibility exists that by labeling for long periods, small but significant amounts of isotope may be incorporated into compounds other than DNA. To ensure that radioactivity in DNA was being measured, the RNA, DNA, and proteins were fractionated in perchloric acid (1 1). In brief, the cell mono-layers were treated with cold 0.2 N perchloric acid (PCA) for 30 min, scraped into PCA, and the dishes rinsed with an additional amount of PCA. The suspension was centrifuged at 4°C for 15 rnin at 900 g and a portion of the supernatant used for the assay of acid-soluble radioactivity. The precipitate was digested with 0.3 N NaOH for 75 rnin at 37°C. A tube containing a portion of this digest was placed in ice and an equal volume of cold 0.3 N KOH added to the tube. The solution was acidified with 2 N PCA to a final concentration of 0.2 N and left in ice for 10 min. The precipitate was centrifuged at 4°C for 20 min, at 2,000 g, and the supernatant used for the assay of radioactivity in RNA. The precipitate was extracted with 0.6 N PCA for 30 rnin at 70"C, the suspension centrifuged at room temperature for 20 rnin at 2,000 g, and the supernatant used to assay for radioactivity in DNA. The remaining pellet was solubilized with 0.5 N NaOH for 30 rnin at 37'C, hydrolyzed overnight in Hyamine and counted as described above.
Although the separation of the macromolecular compounds is less than perfect in each of the above PCA fractions, it was sufficiently accurate to determine that the labeled precursors leucine and thymidine were labeling protein and DNA. To further check the location of isotope, we measured the susceptibility of the radioactive products of thymidine labeling to DNAase. Virtually all the radioactivity was converted to acid-soluble form after DNAase treatment. Proteins were assayed by the method of Hartree (12) , DNA by the method of Boer (7).
Fraction rates of growth, synthesis, and degradation of the cellular proteins were determined by log plots, specific activity, and total radioactivity of the cell protein, as previously described (3, 4, 15) . Finally, assuming that DNA in the cell does not turnover, we considered the loss of label in DNA as a measurement of cell loss and death (see DISCUSSION for re-evaluation of this assumption).
RESULTS

Eflect of Cell Turnover on Proteolysis Measurements.
To visualize the concurrent processes of protein degradation and protein release from viable and dying cells in cultures, we have diagrammed the possible pathways by which labeled cellular proteins could be degraded and transferred to the medium (Fig. 1 ). In preliminary control experiments, we tested the validity of this working scheme and additionally simplified its application. First, to determine what occurs in NMN, we killed cells by freezethawing the monolayer. Most of the cell protein was rapidly released into the medium within a 2-4 hr period, yet little of this was subsequently degraded into TCA-soluble amino acids and small peptides Vol. 14, No. 3, 1986 PROTEOLYSIS AND CELL DEATH Cells maintained on the monolayer can transfer radioactivity in the cell protein to the medium by three mechanisms: (1) protein degradation within the cell and release ofamino acids to the medium, (2) release of protein directly to the medium via secretion or shedding, and (3) loss of cells into the medium, from cell death. Dead or dying cells in the medium in turn can potentially release amino acids to the medium by degradation (cytolysis-related proteolysis) (4) and release proteins into the medium from cytolysis (5). Proteins in the medium may be converted into acid-soluble amino acids and soluble fragments by protease activity in the medium (6). A: 3T3 cells were labeled with 'H-leucine and I4C-thymidine as described in METHODS, freeze-thawed 3 x , and placed in growth medium for 3 days. Control levels ofacid-soluble radioactivity is less than 1% for cells placed directly in TCA without freeze-thawing. B: 3T3 cells were labeled with 'H-leucine and 14C-thymidine as described in METHODS, freeze-thawed once, scraped into growth medium, sonicated, and then placed on a fresh monolayer of growing 3T3 cells that did not have label.
Ordinate shows the percent radioactivity that was found in the TCA acid-soluble fraction in the medium. L-cells were labeled with 'H-leucine and I4C-thymidine as described in METHODS, washed 2 x in phosphate-buffered saline, chased for 24 hr in medium containing 4 mhi leucine and thymidine, and finally washed twice with phosphate-buffered saline. The monolayer was recovered in 0.2 N perchloric acid. Fractionation in PCA, as described in METHODS. Similar results were obtained with 3T3 cells.
( Fig. 2a ). When medium containing this labeled cell protein was placed on a non-labeled viable monolayer, there was little degradation (Fig. 2b) , nor incorporation of this label into the viable cell monolayer was detected (data not shown). Thus, at least for NMN, degradation of free medium proteins or proteins in, dead cells (paths 4 and 6 in Fig. 1 ) did not appear to be significant factors in the analysis. Further, under the conditions of our experiments, no significant reutilization of aminio acids or endocytosis of labeled protein was detected.
To validate that loss of label in the cell DNA provides an accurate estimate of cell death, additional control experiments were performed. It was first established that the prolonged labeling procedure with 14C-thymidine labeled DNA. By means of PCA fractionation all of the I4C was found virtually solubilized in hot PCA (Fig. 3) . Additionally, this radioactivity was converted to a TCA-soluble radioactivity after incubation with DNAase (data not shown). After freeze-thaw necrosis, greater than 90% of the label in the DNA is found in the medium within 4 hr, indicating rapid release ofthe label from the monolayer. Unlike the labeled protein released in cell necrosis, the labeled DNA is rapidly hydrolyzed and found in the TCA-soluble fraction, apparently the result of endogenous neutral DNAase activity present in the system. at the time of this collapse, we found a massive release of acid-insoluble labeled protein into the medium that, as in the freeze-thaw experiment, was not degraded into TCA-soluble amino acids (Fig.  4) . These experiments confirmed that NMN resulted in a rapid release of both labeled protein and DNA into the medium and that no more than 1&20% of the labeled protein was degraded to TCA-soluble material. Thus, degradation of protein in the medium appeared to be negligible under conditions of these experiments (path 6, Fig. l) , and, at least for cell death characterized as NMN, little protein was degraded to, amino acids (path 4 , Fig. 1) .
Proteolysis in Ctrlttrres Withotit Cell Death. Previous studies, in this laboratory, on rat embryo fibroblasts in early subculture have shown that IH-DNA showed little loss over the course of a 3-day experiment (2,3). After subculture at low density, these cells typically showed a high rate of protein synthesis and growth, As the cells approached high density, a drop in the synthesis rate almost to the level of degradation decreased growth, resulting in a plateau stage of growth. Studying high density monolayers in more detail, we have found little de-tectabIe loss of label in the DNA (Fig. 5) . As previously observed, these cultures showed a balanced rate of protein synthesis and degradation, 0.32- 0.33/d. Protein degradation occasionally showed an increase as growing cultures reached high density, though this was highly variable and difficult to reproduce with these cells. Thus, in newly isolated cell cultures that retained a high degree of synthesis regulation, protein synthesis dropped to low rates as cells reached high density, matching the rate of basal proteolysis. Steady state was maintained without any detectable loss of cells from the monolayer and, for the most part, with little increase in the rate of proteolysis.
Proteolysis it1 Ctrltrrres with Selective
Cell Necrosis. In contrast to the above studies of rat embryo fibroblasts, previous observations on L-cell cultures suggested that these cells manifested many of the characteristics that would be expected in SCN (4, 23). These characteristics include little or no cell death in growing cultures, and more importantly, in high density cultures, an orderly pattern of cell death following first order kinetics rather than sudden collapse of the culture. Significantly, this ordered rate of cell death appeared to be associated with protein hydrolysis rather than cytolysis-associated protein release that is characteristic of NMN.
In this study we re-evaluated these phenomena. We first labeled the cells with 3H-leucine and l4C-thymidine for 5 days, then subcultured the cells in a fresh chase medium containing supplementary levels of both non-radioactive leucine and thymidine for 24 hr to clear acid-soluble precursors and radioactivity in labile fast-turnover pools from the cells. The low concentration of non-radioactive thymidine was selected to minimize growth inhibition, seen with higher concentrations of thymidine and at the same time to maximize the dilution of the precursor pool with non-radioactive thymidine.
Cell growth was rapid for 1-2 days, then decreased to a low rate for the remaining 3 days of the experiment (Fig. 6a) . A plot ofcell protein specific activity showed that protein synthesis remained at a constant rate throughout the experiment (Fig. 6b ). Thus, in contrast to the experiments on rat embryo fibroblasts, growth inhibition at high density in this culture did not involve down-regulation of protein synthesis.
To measure the total decay rate of the labeled protein from the cell monolayer (paths 1, 2, and 3 in Fig. l) , we measured both the total 'H recovered in the cell monolayer on each day and the cell 'H estimated by subtracting total medium radioactivity on each day from the calculated total (cells and medium) recovered on the last day. The estimated cell radioactivity was always significantly higher in L-cell cultures, since for unknown reasons washing the L-cells monolayer apparently results in significant losses of the labeled cell protein (experiments on L-cells in spinner culture; data not reported).
Both plots showed that decreased growth at high density appeared to be eflected by an enhanced loss of cell radioactivity (Fig. 6c ). Similar plots of the label in cell DNA showed that as the cells reached high density, cell loss and death accounted for a significant portion of the loss of radioactive protein (Fig. 6d ). For the last 3 days of the experiment, the average rate of cell death was 0.25/d.
DISCUSSION
Analysis of Decay Cirrres. To comprehend the meaning ofthese plots and relate them to the scheme presented in Fig. 1 , we analyzed the data separately for each 24-hr period, focusing on the radioactivity accumulating in the medium (Table I ). The total decay of labeled protein released to the medium each day increased progressively (line 1, TNO, Table I). The actual amount of protein degraded, however, remained approximately the same throughout the experimental period (line 2, DEG, Table I ). Previously, studies on growing L-cell cultures have shown a similar rate of proteolysis, without significant cell loss (23).
These data are consistent with previous observations in the control experiments, namely that cell death releases mostly TCA-insoluble radioactivity into the medium and does not contribute significantly to protein degradation. Thus, it appeared that SCN, like NMN, did not contribute to the degradation processes involved in cellular protein turnover. Protein degradation apparently proceeded 
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AMENTA ET AL TOXICOLOGIC PATHOLOGY normally in the cells in the culture, not affected by the mechanism of cell death. Ifthis simple interpretation ofthe data were valid, however, a major difficulty remained. The plot of log 'H/% assayed in the recovered cell monolayer should provide a measurement of the protein turnover and protein release for the cells recovered from the monolayer, i.e., protein turnover adjusted for cell loss (4). Given the data already presented in Table I , we expected to find a constant fractional decay rate by this method of calculation, slightly above the rate shown on line 2 in Table I , since this estimate included rclease of cell proteins as well as cell protein degradation. We observed the opposite, however. This plot showed an unexpected progressive decrease in the combined rates of protein turnover and release from the cells remaining on the monolayer as the culture attained high density (line 3, ADJ, Table I ). We faced the following paradox: although cell density and cell loss increased, proteolysis progressively decreased to almost 0 in the cells remaining on the monolayer. By subtraction, we concluded that degradation ofprotein in the dying cells progressively increased over this period. More importantly, the sum of the two processes remained constant throughout most of the experimental penod. Such inexplicable complementary changes occumng in the viable and dying cells seemed improbable to us. In view of these considerations, we have re-evaluated the assumptions inherent in the analysis of the data and considered alternative explanations.
The simplest explanation for the progressive decrease in the slope of the log )H/I4C curve may be that DNA turns over in high density L-cell cultures and that the loss of label does not indicate cell death at all. The observed rate of loss of the label in the DNA appears to be much too rapid to be attributed to DNA repair. Although a few workers have suggested that the loss of label in DNA reflects DNA turnover (8, 18, 19) , the possibility that cell death in these studies was specifically affecting a small fraction of cells that were labeled in the DNA is difficult to exclude. Further, in our studies the increase in acid-insoluble tritium in the medium during the last 3 days of the experiment demonstrates that cell death certainly occurs at this time. Also, observing the L-cell cultures reveals an increased amount of cell debris floating free in the medium at this time. It would be difficult to escape the conclusion that a significant rate of cell death is occumng in the L-cell cuItures.
A second possibility is that cell death from SCN differs in some fundamental way from NMN, such that the former process includes a mechanism for reutilization of amino acids by adjacent viable cells.
The formation of apoptotic bodies by cells selected for death, bodies that in turn are taken up and degraded by adjacent cells (25), would provide one possible mechanism for such reutilization. If amino acids obtained from degradation of endocytosed apoptotic bodies are preferentially utilized by the viable proliferating cells, the high concentrations of leucine in the medium would be ineffective in preventing this reutilization. Workers who have measured the specific activity of the precursor amino acyl 1-RNA pool have found that a high concentration of leucine in the medium does not appear to affect a reutilization level that accounts for 30 to 60% of protein synthesis in some cell cultures (1, 13, 20) . Interestingly, one difficulty with these reports is that a source for the reutilized amino acids was never identified.
A third possible explanation for these data relates to the following D-state hypothesis (4,5,6): virtually all proteolysis in L-cell cultures may be occumng in an out-of-cycle high degradation state and that the cells that are selected for death are derived from this necessary precursor state. Thus, a high rate of cell loss would only serve to decrease the drop in the 'H/I4C curve for the cells remaining on the monolayer, since the cells that are involved in proteolysis are the cells selected for death. Studies by Schwane and Seglen (2 1) on isolated hepatocytes have suggested a relationship between a high rate of vacuolar proteolysis and eventual cell death.
Each of the three explanations considered requires a significant re-evaluation ofaccepted concepts. Since the data indicate at least some degree of cell death in these cultures, we do not yet have to question the concept that DNA, unlike protein and RNA, does not turnover. The latter two explanations, however, imply that the process of SCN differs in some fundamental way from NMN, either by facilitating an extensive reutilization of amino acids derived from the breakdown of cell protein or by selecting for cell death only cells that have been extensively degrading cell proteins. Nor does the data exclude the possibility that both ofthese processes may be occumng together. In either case, SCN appears to involve a unique type of proteolysis, tying together two fundamental biologic processes that in tandem can effectively control growth and proliferation in some cell systems.
